ABSTRACT
INTRODUCTION
Green fluorescent protein (GFP) expression in eukaryotic cells has recently been described as a convenient marker of transgene expression (8, 18) . GFP proteins are excited by argon laser light (488 nM) and emit light detected by standard filters designed to detect fluorescein-based fluorescence. Precise quantitations of transfection efficiency and transgene expression levels are possible using flow cytometry (6) . Transgene expression in viable cells and real time analyses are also possible. While the introduction of retroviral encoded GFP into cultured cells has been associated with a growth disadvantage (5) , the expression of GFP in several in vivo models including "green mice" suggest the protein is not toxic to eukaryotic cells (10) .
The expression of plasmid DNA is usually transient in rapidly dividing cells. Despite decades of laboratory experience, the feasibility for stable expression of genes introduced to cultured cells by nonviral vectors in the absence of selective growth conditions remains vague. Stable expression of introduced genes is generally absent due to the rapid loss of plasmid DNA associated with cell divisions. Stable transduction events are commonly identified after the concurrent introduction of genetic elements that confer drug resistance (16) . However, it remains unclear whether selective growth conditions are required for the identification of transfected cells that permit long-term expression of transferred genes. It is noted that stable transgene expression of plasmids in the setting of selective growth occurs at low frequency (1) . Because the sensitivity of flow cytometry for the identification of rare cells has been estimated at 10 -7 (3), we hypothesized that flow cytometry may be adequate to estimate the frequency of stable transgene expression in the absence of additional growth pressure. Here, we used fluorescent microscopy and flow cytometry to identify and monitor stable GFP expression after liposomal transfection in the absence of selective growth conditions.
MATERIALS AND METHODS

Plasmid Construction
The pGreen Torch (pGT) expression vector was produced by transferring the 772 bp EcoRI/NotI DNA fragment encoding enhanced GFP from plasmid pEGFP-N1 (CLONTECH Laboratories, Palo Alto, CA, USA) into Eco -RI/NotI-digested pGreen Lantern ™-1 Vector (Life Technologies, Gaithersburg, MD, USA). A comparison of GFP expression levels of pGT and its parental plasmid revealed higher relative fluorescence after transfection with pGT, so this plasmid was used in all subsequent studies.
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Transfection of K562 Cells
K562 human erythroleukemia cells were obtained from ATCC (Rockville, MD, USA) and grown in DMEM with glutamine supplemented with 10% fetal bovine serum (FBS; both from Biofluids, Rockville, MD, USA) and gentamicin 25 µ g/mL (Life Technologies). All transfections were carried out using DMRIE-C Reagent (Life Technologies) according to the manufacturer's protocol. For each transfection, 8 µ L of DMRIE-C and 4 µ g of pGT were added to 0.5 mL of serum-free DMEM.
After 40 min incubation at room temperature, two million cells in 0.2 mL of serum-free DMEM were added. After an additional 4 h incubation at 37°C, 2 mL 15% FBS-DMEM were added. Transfected cells were diluted 1:2.5 in 10% FBS-containing media 48 h posttransfection and transferred to a 25 cm 2 flask. The cells were then maintained using a 1:10 dilution in fresh medium twice a week and monitored for GFP expression.
Analyses of GFP Expression
Flow cytometric analyses were performed using an EPICS ™ELITE ESP Flow Cytometer (Beckman Coulter, Hialeah, FL, USA). Argon laser excitation and 525 nM bandpass filtering were used to detect GFP expression. Transfected pools were monitored hourly after the addition of pGT-DM-RIE-C complexes to determine the minimum period required for detectable transgene expression. Visual detection of GFP expression is optimal in K562 cells because of their naturally low level of autofluorescence compared with other cell lines (unpublished observation). Mock transfections were examined to rule out the presence of contaminating GFP-positive clones in the laboratory stocks. Figure 1 shows that a rare GFP-expressing cell in each transfection well was observed approximately 4 h after each transfection. In nine separate transfections, a similar pattern of GFP expression estimated at 10 -6 cells was recorded. After overnight incubation, individual and doublet transfectants were detected in each microscopic field. After additional weeks or months of culture, the appearance of the cells revealed by phase and fluorescent microscopy remained unchanged as compared with the transiently transfected cells (Figure 1 ).
Southern Blotting
Genomic DNA was purified using QIAamp ® Tissue Kit (QIAGEN, Valencia, CA, USA) as suggested by the manufacturer. Ten micrograms of each DNA sample were digested with 20 U of Nde I (Life Technologies) for 16 h at 37°C. DNA was resolved in 0.8% agarose gel in 1 × TBE buffer. Gel was denatured in 0.4 M NaOH for 20 min, and DNA was transferred to the positively charged Nylon Membrane (Roche Molecular Biochemicals, Indianapolis, IN, USA) using downward capillary transfer for 2 h in 0.4 M NaOH. DNA was UV fixed to the membrane using a Stratalinker ® UV Crosslinker (Stratagene, La Jolla, CA, USA). DIG-labeling was done with DIG-Chem-Link ™ Reagent (Roche Molecular Biochemicals) for 30 min at 85°C. The membrane was hybridized with a denatured DIG-labeled 772 bp Eco RI/ Not I DNA fragment of plasmid pGT. Hybridization conditions and blot development were as suggested by the manufacturer.
RESULTS AND DISCUSSION
The expression pattern of GFP during the first two weeks after DMRIE-C transfection was determined by sam- To determine whether GFP expression at high levels soon after transfection is useful for identifying stable transfection events, we sorted and monitored the fluorescence of the cells that exhibited intense fluorescence at levels three logs above control (>100 FU) on day 5 post-transfection (Table 1) . Immediately after sorting, the cells uniformly expressed GFP with a mean level above 200 FU compared with 0.3 FU for native K562 cells. However, the percentage of positive cells and the level of expression dropped dramatically after several weeks in culture to base line levels. The consistent loss of GFP expression within these pools may be indicative of a growth disadvantage associated with very high level transcription and translation of GFP vs. accumulation of GFP within slow growing transfectants. Accumulation of GFP may similarly explain the intense fluorescence associated with the terminal differentiation of transduced hematopoietic cells (11) .
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Despite our inability to clearly identify stable transfection events within one week of gene transfer, we determined that rare stable transfectants were present based on fluorescence microscopy inspection of the unsorted The percentage of GFP-positive cells and the mean fluorescence of pools from two flow cytometric sorts are provided with standard deviations.
pools after several weeks in culture. Therefore, we reasoned that waiting two full weeks before cell sorting should enrich the sorted population for rapidly growing transfectants. We also noted that cells having a fluorescence greater than 10 FU after 14 days posttransfection were detected only in the transfected pools. Among transfections described in Figure 2 , between 2 and 14 per 10 000 cells (mean 8.7) expressed GFP at levels greater than 10 FU on day 14 post-transfection. Therefore, cell sorting of the transfected cells with GFP expression above 10 FU was performed on day 14 post-transfection to determine whether these criteria truly identified stable transduction events and to monitor the durability of their transgene expression over more prolonged periods. Figure 3 shows that the majority of cells continued to express GFP after 24 additional weeks in culture ( Figure 3 , pools C508 and C509).
The percentage of negative cells ( ≤ 1.0 FU) increased within weeks after sorting to 30% of the population, and a population of dimly fluorescent cells (1.0-10 FU) was regularly detected. Interestingly, the nonfluorescent cells did not overgrow the GFP-positive population after several months in culture. By 24 weeks after sorting, each pool developed a distinct pattern of fluorescence with the appearance of a single dominant population for pool C508 and two distinct GFP-positive populations within the C509 pool. We also identified rapidly growing, stable transfectants by plating sorted cell populations and subcloning the larger GFP-expressing colonies. Figure 3 shows one subcloned cell line (clone C494, bottom). The C494 clone has been maintained for 52 weeks in culture with over 99% of the cells remaining GFP positive in the absence of selective growth conditions. To confirm the integration of plasmid DNA into chromosomal DNA of the cells presented in Figure 3 , we performed Southern blot analysis of isolated DNA after several months of continuous culture (Figure 4 ). Ten micrograms of genomic DNA from each sample were digested with Nde I releasing the 1403 bp GFP-containing fragment. Lane 7 contains 15.3 pg of Nde I-digested pGT DNA to demonstrate probe binding to the 1403 bp GFP-containing fragment. Probe hybridization to a 1403 bp fragment of Nde I-digested genomic DNA and the absence of hybridization to undigested DNA suggest integration of the plasmid DNA in the transfected cells.
The two-week period required here for the identification of stable transfectants is in agreement with the period required for most models involving antibiotic selection. The use of G418 negative selection in cells expressing the neomycin phosphotransferase gene has been extensively studied in this context. Numerous variables including the target cells, plasmid DNA design, liposomal content and particular methods used to quantitate G418-resistant colonies have been shown to affect the calculation of stable transfection efficiencies (13) . Additionally, the concentration of G418 in the culture medium has demonstrable effects on transgene expression within G418-resistant cells (14) . Approximately 10 -3 transfected cells exhibited stable GFP expression. This result suggests that selection of stable transfectants using GFP in the absence of selective pressure is comparable to that of drug selection using G418 (1, 12) .
The use of GFP permitted us to detect, quantitate and monitor stable gene expression after liposomal transfection of plasmid DNA in the absence of additional selective pressures. The transient expression pattern over the first two weeks in culture is consistent with the results of others and likely reflects the loss or dilution of episomal DNA associated with cell division (15) . Expression of GFP at very high levels (>100 FU) during the first week post-transfection did not correlate well with a stable expression pattern. However, cells expressing moderate amounts of GFP 14 days post-transfection remained GFP positive for several months in culture. As we reported previously (4), GFP expression did not result in a measurable growth disadvantage.
The demonstration that stable transfectants can be isolated and studied without selective growth medium is relevant to several gene transfer concepts. The incorporation of genes conferring a growth advantage should no longer be considered a requirement for evaluating stable transgene expression in the context of nonviral vectors (7) . These methods may also be useful for further study of position effect variegation associated with integration events, gene enhancer elements and cell senescence (2, 17) . While the sensitivity of GFP detection is lower than other markers (9, 19) , the specificity for detecting rare stable transfectants in real time offers an obvious advantage. Our data also suggest that GFP selection and monitoring of transfectants may be a useful tool for engineering dominant cell clones.
INTRODUCTION
Traditionally, cloning of regions outside the boundaries of known sequences is dependent on the screening of genomic libraries with 32 P-labeled probes (13) . Several PCR-based approaches, such as inverse PCR (9) and adapter-mediated techniques (2, 3, 5, 7, 11) , have emerged over the last decade. Although these techniques in many respects have simplified the cloning of flanking sequences, they still depend on a relatively labor-intensive restriction cutting for finding suitable restriction enzymes. These methods are also limited by their robustness and do not always result in successful cloning of flanking sequences.
We present a new and simple
